Introduction
Future space development project may demand a highstrength and high-damping material working near and below room temperatures (RT), because isolation of precision instruments from strong mechanical vibration during launching and a suppression of mechanical vibrations of a space station may be one of critical issues. The demand for such a material working near and above RT may be urgent for smart precision machinery too. Figure 1 shows a specific damping index or the internal friction vs. tensile strength map, where various metallic materials are classified into three groups, the high-, intermediate-and low-damping materials. The three lines are drawn to guide eyes. For the high-damping materials, one can see that the internal friction shows the general trend of a decrease with increasing tensile strength and no high-damping materials with tensile strength beyond 1 GPa are found except for hydrogenated amorphous alloys.
1) It is known that most of amorphous (a-) alloys show the mechanical responses such as high strength, large elastic strain and low Young's modulus, indicating that they are tough and flexible. However, the internal friction, Q −1 , in a-alloys below the glass transition temperature is as low as that in the low-or intermediate-damping materials.
Since the hydrogen internal friction peak (HIFP) in hydrogen-charged a-alloys was found by Berry et al., 2) much effort has been devoted to the subject. The pronounced HIFP can be observed in the a-alloys which contain much hydrogen in solution, where the anelastic reorientation relaxation of hydrogen in a-alloys is responsible for the HIFP in most a-alloys. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] A recent review for the HIFP in a-alloys com- * Graduate Student, University of Tsukuba. p data reported for metal-metal a-alloys and metal-metalloid a-alloys, where T p and Q −1 p denote the temperature and the height of the HIFP, respectively. 15) As reported in Ref. 15 ), a bird's eye view of the whole data shows two groups, the Pd-based metal-metalloid a-alloys as the low T p group and the other metal-metal and metal-metalloid aalloys as the high T p group, with exception for a-Zr 50 Cu 50 12) and a-Zr 40 Cu 60 . 16 and T p may be tailored by a control of diffusion rate of hydrogen atoms.
As the first step, we investigated the HIFP in one of new metallic glasses, a-Zr 60 Cu 30 Al 10 18) as shown in Fig. 1  1) and that in a-Zr 40 Cu 50 Al 10 . It is found that T p is higher for aZr 40 Cu 50 Al 10 than for a-Zr 60 Cu 30 Al 10 . The fact that the HIFP in the a-alloys is observed as a very broad peak indicates that the redistribution of hydrogen atoms for the anelastic relaxation may take place by migrations of hydrogen atoms threading through various tetrahedral sites. [19] [20] [21] [22] That is, in the latertransition-metal/early-transition-metal a-alloy, a-A z B 1−z , the maximum hydrogen content in the A m B 4−m tetrahedral sites, ∆C z,m , may be given by,
where the alloys are assumed to be structurally isomorphic and chemically random and f 0 = 1.6 at z = 0.5.
21)
Equation (1) 10) We surmise that T p of the HIFP in a-Zr 40 Cu 50 Al 10 may be tailored by addition of silicon to the a-alloy. In the present paper, we pursued this issue.
For the anelastic reorientation relaxation of hydrogen in a-alloys, however, the underlying process is only partly understood as yet. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] One reason is that the observed relationship between T p and C H and that between Q −1 p and C H show variety among various a-alloys, suggesting that the detailed anelastic process for the HIFP is a function of the chemical composition of a-alloys. For the later-transition-metal/earlytransition-metal a-alloys, the anelastic reorientation of hydrogen atoms sitting in tetrahedral sites may be responsible for the HIFP. 5, 7, 8, 11, 12) Since the HIFP in the later-transitionmetal/early-transition-metal a-alloys is, in general, observed as a very broad peak, the relaxation time, τ , for the anelastic process should have a wide distribution. One may, however, define the representative relaxation time which explains T p of the HIFP as,
where 1/τ 0 is the frequency factor, E is the activation energy, k is the Boltzmann factor and T is temperature. , suggesting that a migration distance of hydrogen atoms for the HIFP may be the order of atomic distance, and the entropy factor for the migration may not be negligible in the a-alloys. As already mentioned, however, a migration distance of hydrogen atoms for the HIFP in a-Zr 40 Cu 50 Al 10 appears to be longer than that in a-Zr 60 Ni 40 , a-Ti 50 Cu 50 , a-Zr 50 Cu 50 , and aZr 40 Cu 60 . This issue is also important for tailoring T p of the HIFP, and pursued here too.
Experimental
Amorphous (a-) Zr 60 Cu 40−y Al y (y = 0, 10), a-Zr 50 Cu 50 , a-Zr 40 Cu 60 and a-Zr 40 Cu 50−x Al 10 Si x (x = 0, 1, 3) alloy ribbons about 30 µm thick and 1 mm wide were prepared by melt spinning in a high-purity Ar gas atmosphere and checked by the conventional θ − 2θ scan X-ray diffraction using the Cu-Kα radiation. The specimen surfaces are polished mechanically in water avoiding heating up during polishing to remove a surface layer and to smooth out. Hydrogen charging was made electrolytically in 0.1 N H 2 SO 4 at RT. A hydrogen charged specimen was aged for one day to a few days in the temperature range between 300 K and 330 K to homogenize the hydrogen distribution in the specimen. The internal friction, Q −1 , was measured in the temperature range between 80 K and 380 K by means of the vibrating reed method working at about 200 Hz and strain amplitude of 10 −6 . The internal friction measurements were conducted for all the aalloy specimens mentioned above in order to pursue the relationship between the anelastic process for the HIFP and the chemical composition of a-alloys. On the other hand, tensile tests of a-alloy specimens were made for a-Zr 60 Cu 30 Al 10 and a-Zr 40 Cu 50−x Al 10 Si x (x = 0, 1, 3) specimens to pursue the high-strength performance. Tensile tests were conducted at RT by using a hand made apparatus oriented for a thin tape which is similar to the tensile test apparatus reported in Ref. 23) . After the Q −1 measurements or the tensile tests, the specimen was subjected to the thermal degassing in a vacuum to measure the hydrogen concentration, C H , where the calibration of thermal degassing was made by using commercial TiH 2 powder. See Ref. 16 ) for details of the thermal degassing. Figure 2 shows examples of the X-ray diffraction (XRD) spectra observed for a-Zr 40 Fig. 1 for C H below 20 at%. In other words, the elastic strain attained before the fracture of the specimens is about 2% in the as quenched state and tends to increase after hydrogen charging for C H below 20 at% (see Fig. 4 ). On the other hand, the elastic strain attained before the fracture of the specimens decreases after hydrogen charging for C H beyond several tens at%, i.e., these a-alloys become brittle for C H beyond several tens at% (not shown here). p of the order of 10 −2 , indicating that the high-damping performance can be expected in a wide temperature range more than 100 K. In Fig. 6(a) , for a specimen with C H of 6.1 at%, a heating run from 80 to 380 K after hydrogen charging and a cooling run after heating to 380 K are indicated by arrows, where Q Fig. 6(c) . Figure 7 shows the T p vs. C H data found for various a-ZrCu(Al, Si) alloys. T p shows variety as a function of the chemical composition of a-alloys in the C H range below 20 at%, and decreases to about 220 K with increasing C H . The T p vs. C H data shown in Fig. 7 Figure 9 shows the Arrhenius plot for the HIFP observed in various a-alloys, and the relaxation parameters, 1/τ 0 and E, determined are compiled in Table 1 , where τ 0 and E are a pre-exponential factor and the activation enthalpy for the relaxation time, respectively, and f is a measurement frequency. In Table 1 
Results

Discussion
Feasibility of the hydrogenated a-alloys as a high-strength and high-damping material will be discussed at first. The tensile test data shown in Fig. 6(a) to (c), the working temperature range is several tens degrees around T p . For the working frequency, the relaxation parameters listed in Table 1 give that values of T p expected for f of 10 Hz and 100 kHz are 170 K and 339 K for a-Zr 60 10 are a candidate as a high-strength and highdamping material with a tuned performance. Further, one may expect that a composite material composed of these aalloys can serve a high-damping performance in a wide temperature range or a wide frequency range.
The physical properties other than the high-strength and high-damping performance will be discussed below. For most a-alloys, strain shows a nonlinear increase with increasing stress as mentioned for a-Zr 60 Cu 30 Al 10 in Fig. 4(a) , reflecting that the stress-induced internal rearrangement of atoms can be allowed. 24, 25) It is believed that the amorphous structure of the a-alloy is composed of a low density region and a high density region reflecting the density fluctuation, and the stressinduced internal rearrangement of atoms started in the low density regions proceeds resulting in the nonlinear increase in strain with increasing stress. 25) For most a-alloys, it is also believed that the stress-induced internal rearrangement of atoms proceeds to the shear band for further elevated stresses resulting in the plastic deformation. 26) On the other hand, one may expect the saturation of the nonlinear increase in strain below the elastic limit when the low density regions are isolated from each other. The inverse-S like stress vs. strain curves observed for a-Zr 40 Cu 50−x Al 10 Si x (x = 0, 1, 3) (see Fig. 4(b) ) possibly suggest that the low density regions are embedded in the high density matrix for the amorphous structure of the alloys. Further speculation is, however, premature without more extended data.
As mentioned for 
